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Effects of an EEG "Seizure Discharge" on
Operant Responding*
Richard M. Lee, Ph.D., Julia A, Lee, M.S., Hendrik
van den Ende, M.S.E.E., and Lome D. Proctor, M.D.**

A post-stimulus "seizure discharge" recorded in the amygdaloid area of monkey
brains was investigated primarily by studying its effects upon behavior.
Three
different operaiU conditioning schedules were used with animals implanted with
multiple depth electrodes. The schedules involved the factors of number discrimination, attention,
sequential
responding,
and self-stimulation.
Although
the
electrical brain stimulation caused a disruption in responding, no behavioral
effects could be attributed to the recorded discharge itself. This result, and
previous findings, lead to the tentative conclusion that the discharge resuhs from
a physico-chemical,
brain-electrode interface phenomena and is not neurophysiological in nature.

waves. Although such EEG patterns
are often associated clinically with
"psychomotor" and variant petit mal
seizures, and may be induced by hyperventilation, no gross changes in the
monkey's behavior were observed during the discharge. Moreover, the monkey's performance on a discrimination
task (an "oddity" problem) was not
disrupted during the post-stimulation
discharge.Other researchers^-^ have reported
simflar post-stimulus discharges, but
these have usually been associated with
pronounced behavioral effects. For
example. Porter, Conrad and Brady=
observed a discharge in the amygdaloid body during a self-stimulation
experiment with Rhesus monkeys.
When such discharges occurred, lever

This paper reports the further evaluation of possible behavioral effects of
an electroencephalogram (EEG) "seizure discharge" first observed in our
laboratory in 1961 by Proctor, McCrum and Lukaszewski^ and replicated
in further studies.^* At that time,
behavioral effects of electrical stimulation were being studied with monkeys
who had depth electrodes implanted
in limbic system structures. Foflowing
stimulation with a pulse train of high
duty-cycle, an EEG seizure appeared
as a series of high amplitude slow
*This research was supported by a grant
from the U.S. A i r Force—A.F.O.S.R.
#1250-65-66-67-68-69.
••Department of Neurological and Behavioral Sciences, Edsel B. Ford Institute for
Medical Research.
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pressing (on a V I 60 sec schedule) was
suppressed for the remainder of the
session and in some cases for the next
24 hours.
The absence of behavioral deficits
with the discharges observed in our
experiments suggested the exploration
of more sensitive behavioral tests. In
our next study"* we used several variations of a "DRL" (dflferential reinforcement of low rates) schedule of
reinforcement (the various schedules
are defined and described by Ferster
and Skinner^). A DRL schedule requires the correct timing of successive
responses in order to obtain a food
reinforcement. Our work showed no
consistent changes in this performance
associated with the EEG seizure pattern.
The present paper reports the results of three additional behavioral
procedures and their relation to the
EEG discharge. The essential feature
of the first schedule (similar to that
studied by Pliskoff and Goldiamond"
and Rflling and McDiarmid^") is the
animal's discrimination of the number
of responses he makes on a lever. The
discrimination is measured by the performance on a left or right key, depending upon which of two numbers of
responses was programmed on the
lever. The second procedure, which
we will cafl the "vigilance schedule,"
measured the effects of the discharge
on "attention" and on the monkey's
abflity to respond in a particular sequence.
The third procedure was a selfstimulation paradigm. The monkey
was trained on a fixed-ratio schedule
with food reinforcement, and electrical stimulations were presented after
certain numbers of responses. Our pur-

pose here was to study the rewarding
or punishing aspects of the discharge.
General Method
Subjects: Experiment I was performed with a Nemestrina monkey
named Henny, Experiment I I with
Rhesus monkeys Tommie and Candie,
and Experiment I I I with Candie again.
The subjects were kept in restraining
chairs for experimentation; at other
times they were housed in individual
cages. The diet consisted of water
(always available), monkey biscuits
and fruit, except during experimental
sessions, when Ciba 190-mg banana
pellets were used.
Physiological apparatus and procedure: The monkeys were trained on
operant schedules (described below)
and were implanted with electrodes for
stimulation and recording. Surface
electrodes consisted of three stainless
steel screws, 0.125 inch long, in skufl
posflions Ta, T4, and
(Henny) or
Pi- (Tommie and Candie). Three concentric stainless-steel insulated electrodes* were implanted in the amygdaloid body and cemented in place
with dental acrylic. The three parallel
electrodes were 40 mm in length and
were spaced 2 mm apart. Signals from
various pairs of these electrodes were
recorded with a Grass model 6 electroencephalograph. Additionally, one
of the three depth electrodes was used
for recording brain impedance by a
method described previously.*
In Experiments I and I I , the monkeys were trained until their performance reached a stable baseline and then
they received electrical brain stimulation to produce a discharge (Experi*In Vivo Metrics Systems or Rhodes model
NEX-100
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ment I I I is described later). The time
interval between stimulation was at
least three days and was usually no
more than six days except when schedule changes were being made or electrodes were repaired. Most stimulations consisted of a 10-sec, square
wave, 400 Hz, 80% duty cycle signal
ranging from 5 to 20 volts. They
usually were applied between the inner and outer conductors of one concentric depth electrode. Exceptions are
recorded as footnotes to Tables I and
II.
Behavioral apparatus: A l l of the
behavioral work was performed in a
large, sound-attenuated, outer cham-

ber. The monkeys and the behavioral
training panel were housed in an inner
chamber also constructed of soundattenuating material. The response
panel consisted of a middle lever and
side keys, the middle lever also serving
as a pellet feeding device. Associated
with each lever and key was a stimulus
light. A f l of the behavioral schedules
were programmed automatically with
electromechanical switching circuits.
Experiment I: Fixed-ratio
Discrimination
Procedure: The problem began with
the center light on and the side lights
off. When the animal completed the

TABLE
Behavioral findings for stimulations of the monkey "Henny" on FR-discrimination
schedules.
Date

4/09
4/18
4/23
5/01
5/14
7/17
7/24
7/31
8/08*
8/14*
8/26*
9/09*

Schedule
Left Right
10
15
15
20
20
20
20
25
25
25
25
20

50
30
30
30
3C
30
30
30
30
30
30
30

% Errors
Stim. Day
Day Before
17
38
19
37
23
31
2S
24
22
28
30
17

06
27
32
17
32
35
24
36
16
39
45
32

*D.C. Stimulations of 3-5 volts.
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Reinforcement rate
Stim. Day
Day Before
6.5
2.5
2.1
3.0
2.5
L8
2.7
1.2
3.5
1.4
L3
1.2

3.5
2.7
3.9
2.5
3.6
2.0
L6
L4
2.8
2.1
2.2
2.0
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TABLE

Date

Ampl.

Freq.
Hz

DISCHARGE
Durat.
Sec.

Tommie
1-9
1-16
1-20
1-23'

No discharge
No discharge
Artifact
Artifact

1-27'
2-4""
2-11"
3-6""

Artifact
Med.
980
2-3
Med.
3
1110
No discharge

3-26
4-2..
4-8
4-15

Med.
No
No
No

4-23
4-30
5-6

300
3
discharge
discharge
discharge
1
No
discharge
No discharge
low
5-12
7

Candle
5-19
5-25
5-28

Med.
1.5
200
No discharge
Med.
1.5
190

6-24

Med.

6-30

2

360

No discharge

Wave Shape

Saw Tooth
Saw Tooth
Delta Shaped

Variable
Slow waves
with spikes
slow waves
with spikes
Slow waves
with spiites

PERCENTAGE OF
VIG. ERRORS
Con!. Stim.

PERCENTAGE OF
SEQUENCE ERRORS
Cont.
Stim.

ITI
Sec.

SCHEDULE
Stimulus
Vig.
Conditions
Sec.

30
30
3C
30

7.5
7.5
7.5
7.5

with
with
with
with

stimuli
stimuli
stimuli
stimuli

0
0
0
0

4
4
7
4

0
22
0
4

0
7
4
14

30
30
30
30

7.5
7.5
7.5
5.0

with stimuli
with stimuli
with stimuli
Fading

4
0
4
7

0
4
19
4

4
0
0
0

4
4
0
0

30
30
30
30

5.0
5.0
3.0
3.0

Fading
Fading
Fading
no stimuli

0
0

u0

11
0
0
0

4
0
7
7

0
0
0
11

20
20
20

3.0
2.0
2.0

no stimuli
no stimuli
no stimuli

0
7
7

0
>50
0

4
9
3

4
0
0

20
20
20

3.0
3.0
3.0

with stimuli
with stimuli
with stimuli

0
6
3

>50
>50
>50

0
0
0

22
0
0

10

5.0

with stimuli

0

>50

6

33

10

5.0

with stimuli

0

>50

9

3

Surface to surface stimulation.
' Surface to depth stimulation.

key performed with an error rate of
between 15 and 20%. For FR 25 and
FR 30, the errors increased to a mean
of 27%.
Results: Stimulation of the depth
electrodes at no time produced any
change in the surface EEG. A poststimiflus discharge of 3.5 Hz was produced in the depth electrodes in all of
the experiments except the last two.
This discharge (see Figure 1 for an example) varied in amplitude from experiment to experiment but the frequency was quite constant. The duration of the discharge varied from 30
seconds up to a few minutes. In the
last two experiments the initial record
was a very low amplitude fast frequency pattern. Stimulation produced a
marked increase in amplitude up to
75 /nV but the frequency remained in
the 15-25 Hz range.

required number of responses on the
center lever, the center light went off
and the side lights came on. At this
point a response to the appropriate side
key (depending upon either a high or
low number of presses) was rewarded;
an inappropriate response was punished with a time-out. Usually, four
sessions were run per day, consisting
of 40, 80, 50 and 50 reinforcements,
respectively. When an animal was
stimulated, it was usually after 25
reinforcements of the second session.
The second session was very long to
aflow sufficient baseline recording before and after stimulation, and the first
session was slightly shortened to make
certain that there would be no satiation effects.
Henny was initially trained on successively more difficult discriminations.
When the required discrimination was
between FR 15 and FR 30, the mon-

Impedance changes in the area of
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HENNY

POST-STIM.

Cz-RT

AMYG. (STIM.)

Figure 1
Example of a post-stimulus discharge in the monkey Henny (fixed-ratio discrimination). The
upper three channels are EEG recorded from surface electrodes in the positions shown. The
lower two are from depth electrodes in the amygdaloid body. "STIM." indicates the channel
which was electrically stimulated. The discharge appears in the two amygdaloid channels.

number of trials. "Reinforcement rate"
is the number of reinforcements per
minute. The values are usually for the
25 reinforcements following the stimulation (Stim. Day) and for an equivalent control period on the previous day
(Day Before). A comparison of the
control and stimulation day for both
measures shows that there is no consistent difference in performance between the control and post-stimulation
behavior. Samples of two records
showmg the behavior before and after
stimulation are shown in Figure 2.
As we have seen on previous reinforcement schedules, stimiflation resulted in a short cessation of respond-

Stimulation were minimal. In most experiments there was a slight drop in
resistance of about 500 ohms. On two
occasions there was an increase in
resistance of the same order of magnitude. AU of these changes were very
gradual over a period of more than an
bom", and resting impedance without
stimulation would vary this much.
Table I presents some of the behavioral findings for the electrical stimiflation. Under the "Schedule" column,
the left and right fixed-ratio requirement is shown. The "percentage of
errors" refers to the number of incorrect discriminations for both right
and left errors divided by the total
165
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Figure 2
Two event records of performance before and after brain stimulation (STIM.) of the monkey
Henny (fixed-ratio discrimination, July 24). An upward deflection of the pen indicates an
event. The channels from top to bottom are a center lever press, reinforcement, left and right
key press, time during which the right key is "correct," and a time out. The 10-sec "STIM"
intervals also serve as time calibrations. As an example, we see at the far left of the upper
record, that the right key is initially correct (a fixed-ratio of 30 responses is programmed on
the center lever). The monkey responds rapidly on the center lever for about 12 sec and
completes the fixed ratio. Next a right key response is made and a reinforcement occurs.
Immediately after the reinforcement, the fifth pen makes a downward deflection meaning that
the left key (FR 15) is correct. The monkey begins the ratio by holding down the key for
about 3 sec, then completes the 15 responses. However, she makes the wrong choice, pressing
the right key and a time-out occurs.

reinforced only in the presence of a
specific stimulus which occurred after
a given time interval—hence, the vigflance aspect. When this stimulus was
presented, the monkey was rewarded
after completion of a sequence of
three responses.
The sequence of responses, or chain,
consisted of responding to the left,
right, and center response keys. The
chain could be initiated only in the
presence of the appropriate stimulus, a

ing. For all sessions in which stimulation greater than 10 volts was applied for a duration of 10 to 15 seconds, pauses ranging from 15 to 20
seconds occurred following termination of stimiflation.
Experiment II: Vigilance
Schedule
Procedure: The schedule was a
chain (sequence of responses) with a
vigflance requirement. Responding was
166
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I

a similar manner except that Candie's
training was less extensive and she was
not run without the key light cues. The
first step was the initial shaping of the
response to any key, using food pellets
as the reinforcer. Then we introduced
the sequence requirement with the
light on behind the correct key and
lights out behind the two incorrect
keys. Each chain member was in effect
untfl the correct response was made,
advancing to the next member. Next,
a waiting period, or inter-trial interval
(ITI) was introduced foflowing completion of the chain. Then the punishment contingency, with a time-out for
incorrect responses, and, finally, the
limited time available for initiation of
the chain (vigilance requirement) were
in effect.
A fading procedure was used to
train one of the monkeys (Tommie) to
respond in correct sequence without
the aid of stimulus lights. The cues
were gradually faded out by increasing the intensity of the incorrect key
lights until all three key lights were
on when the chain contingency was
in effect.
Resuhs: The monkey Tommie was
electrically stimulated on 15 occasions.
A seizure discharge was obtained on
four occasions, there was no discharge
on eight days, and in three cases artifact obscured the record (see Table II).
In all four cases, the discharge occurred immediately and lasted several
minutes. It always occurred in the
channel stimulated and sometimes appeared at a lower amplitude in the
other depth electrode. The wave usually began at medium amplitude and
gradually decreased until it disappeared. The frequency was usually
about 3 Hz but on one occasion it

light behmd the left key. A response to
the left key produced the discriminative
stimulus—a light behind the right
key—for the next member. A response
to the right key produced the light
behind the center key-lever. This final
response produced a banana pellet.
There was an interval between each
trial of a fixed duration for a session.
Failure to initiate responding within a
given time (Vigflance Time)—as well
as incorrect responses within the chain
sequence—resulted in immediate discontinuation of the trial and a time-out
of duration equal to the inter-trial interval (ITI). Vigflance time ("vig.")
and I T I during the stimulation sessions are shown in Table I I . One of
the monkeys, Tommie, was run under
two stimulus conditions: with and
without lights behind the keys which
indicated the correct sequence. Candie
was run only with stimulus lights.
The house light signafled initiation
of a session and remained on for the
duration of the session, with one exception. The house light was turned
off briefly (.75 sec) upon completion
of the chain. Thus it served as a
discriminative stimulus for food delivery.
Sessions were terminated after 45
food pellets. Four sessions were run
each day. On the day of stimulation,
and the day preceding and following
stimulation, the second session was
divided into two portions for purposes
of analyzing behavior before and after
the stimulation. There were usually 25
reinforcements preceding stimulation
and 55 reinforcements afterwards.
Stimulations, of 10-sec duration, were
administered during an inter-trial interval.
The two monkeys were trained in
167

Lee, Lee, van den Ende and Proctor
was a low amplitude, variable 5 to 12
Hz signal. The discharge usually took
the form of a sawtooth or delta pattern. The discharge seemed to occur
more readily with a surface-to-depth
stimulation but in one case occurred
in a depth-to-depth stimulation.
Candie was stimulated five times
and a definite discharge occurred on
three occasions. Figure 3, bottom
graph, shows an example. On one of
the other two days it was difficult to
determine whether the signal was a
normal EEG. It is noteworthy that
on the three days where there was a
definite discharge, the polarity of the
stimulation was different than for the
other two days.

The discharges occurred immediately and in the depth channel stunulated. It consisted oT a medium amplitude, 1.5 to 2 Hz wave, often with
random spikes. As with Tommie, the
amplitude started higher and gradually decreased over a period of about
four minutes.
The resistive and capacitive components of the brain impedance were
recorded, using one of the three concentric electrodes in the amygdaloid
body. For the resistive component,
regardless of whether or not a discharge occurred, the usual finding was
an immediate decrease after stimulation, and a constant resistance subsequently. The results for the capaci-

T3-Pz

P2-T4

i;

' '

Figure 3
Example of a post-stimulus discharge in the monkey Candie (vigilance experiment). The upper
three channels are EEG recorded from surface electrodes. The lower two are from depth
electrodes: left and middle (electrically stimulated). The discharge appears in the bottom
channel.
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tive component were more variable,
sometimes increasing and sometimes
decreasing after stimiflation. When no
discharge occurred, the capacitance
more often went down than up, but
when there was a discharge, the capacitance always went up. The capacitance subsequent to the stimulation
usually remained constant or increased.
There were two behavioral measures obtained on the chain-vigflance
schedule: (1) the number of errors
within the chain, called sequence errors, and (2) the number of times the
monkey fafled to initiate the chain
within the allotted time, called vigilance errors. Tommie achieved a stable
baseline with an average of 2.4 sequence errors (5.0%) and 0.25 (0.6%)
vigflance errors per 45 reinforcements
on the two days prior to the first stimulation.
Table I I gives a comprehensive description of the stimulation procedures
and results. Behavioral procedures are
summarized under the heading "Schedule." Specific parameters of the chainvigilance schedule, inter-trial interval
(ITI) and vigilance time, which were
in effect at the time of each stimulation
session, are listed here. The last four
columns list two measures of the behavioral results: (1) the percentage of
sequence errors in a control session
and the percentage of sequence errors
foflowing a stimulation; (2) the percentage of vigflance errors in a control session and the percentage of
vigflance errors following stimulation
(>50 means the session was not finished). The control session is taken
from the day before the stimulation.
For the 15 stimulation sessions,
there were only four occasions where
the percentage of sequence errors, fol-

lowing stimulation, was greater than
the percentage of sequence errors during a control session. There were five
stimulation sessions where just the opposite relationship was found. Thus,
the sequence errors were quite variable
with no consistent results for the stimulations.
The vigilance errors, however, were
more likely to be altered by the stimulation than the sequence errors because
they reflect any pausing following the
stimulation. Faflure to respond, rather
than incorrect responding, was the
more likely result of stimulation. In
order to determine the relationship of
discharge occurrence to vigflance errors, we considered the differences
between control and stimulation sessions. If these differences (column 10column 9) are computed, it is found
that discharges occur about equally
for high and low differences.
Thus, for Tommie, it is not likely
that the behavioral deficits are due
directly to the discharge. It should be
noted, however, that three of the four
discharges occurred during sessions in
which the percentage of vigflance errors was at least slightly higher than
during a control period. That is, the
stimulation-control differences are positive for the majority of sessions in
which a discharge occurred.
Another finding wfll be briefly described. The amount of post-stimulus
behavioral disruption (see VIG. ERROR, Table II) decreased over the
course of the experiment even though
the voltage was gradually increased. As
an example, during the final session
(June 6), the monkey began responding
immediately after an exceptionally
high voltage stimulation (20 volt).
The training for Candie was simUar
169
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to that for Tommie except that she
was not trained to perform the sequence without cues. Her baseline performance on the two days prior to the
first stimulation showed an average of
0.8 sequence errors and 2.9 vigflance
errors for a session of 45 reinforcements.
Candie was stimulated on five occasions. A comparison of control vigilance errors with stimulation errors
(Table II) shows the marked disruption
of the chain-vigilance behavior foflowing each stimulation. Vigilance errors
following stimulation were all greater
than 50%, meaning that the session
was not finished. This marked disruption occurred even when the post-stimulation discharge was not observed
(May 25 and June 30).
For Tommie, we considered the relationship of discharge occurrence to
the differences between control and
stimulation sessions for vigflance errors
(column 12-column 11, Table I I ) . In
the case of Candie, however, responding was greatly disrupted after all stimulations, and the amount of disruption
was not related to discharge occurrence. In every case, the session was
not completed and, in most instances,
a low-error baseline was not regained
until the second session following the
stimulation. Foflowing the first stimulation (May 19) the baseline was
not regained until the foflowing day.

tingency, electrical stimulations to the
brain were programmed to foflow responses. We hoped to determine
whether responding would be "punished" by the appearance of a discharge. This would be the case if the
monkey would stop responding when
the discharge occurred, but not at
other times.
Procedure: The monkey Candie
(previously run on the vigflance schedule) was used in this experiment. The
animal was easfly trained on an FR
20 schedule in which responses were
made to the left key. Reinforcement
followed the 20th response. On those
occasions when the monkey was stimulated, a brief (0.5 sec) pulse was provided after the 3rd, 8th, 13th and
18th response. The stimulation was a
square wave pulse train of 400 Hz
frequency and 80% duty cycle.
The voltage was gradually increased
through the session. The initial voltage
was well below a behavioral threshold,
usuafly about 2 volts. Increases in
voltage were terminated when the discharge occurred or when the animal
stopped responding.
The daily schedule of sessions was
the same as that used for the vigflance
schedules. The monkey was stimulated
on four different days. On the first
stimulation day it was found that recording the EEG was difficult during
the responding, and the periods after
the reinforcement were too short to
obtain sufficient recordings. Consequently, for the last three stimulation
days, a time out of 15 seconds after
reinforcement was used to provide a
period of good EEG recording. During
the time out, all the lights were off
and the keys were dead.
Results: The results of this proced-

Experiment III: Self-stimulation
This experiment was designed to
determine whether there were any
aversive aspects to the seizure discharge. An animal was trained on a
fixed-ratio (FR) 20 schedule (20 responses are rewarded with a food
pellet). In addition to the food con170
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ure did not provide information about
the behavioral effects of the discharge
because the monkey stopped responding at a voltage level which was insufficient to produce a discharge.
Typically, we would begin with stimulations of approximately 2.0 volts and
increase the voltage in about half-

volt steps every few reinforcements.
After one or two steps, the monkey
would pause after the first stimiflation
at an increased voltage. Responding
would then resume but there might be
short pauses after each stimulation. As
the voltage increased, both initial and
subsequent pauses at a particular vol-

CANDIE

4

1.2 V

7-24-70

2-

0

2

4F

3

1.6 V
o

2

<0

111
CO

5

6

7

8

14

15

22

23

10

2.1V

z:
12

13

2.5 V
1

Ih-

CO

o

a.

20

21

24

25

26

3.5 V
NO FURTHER RESPONSE
27

28

29

30

REINFORCEMENTS
Figure 4
Duration of post-stimulation pauses (time between a stimulation and the next response)
during a self-stimulation experiment. Each of the six graphs shows a period of responding at
a particular voltage level of stimulation. The numbers 1 through 30 indicate the number of
successive reinforcements, each of which is composed of four stimulations.
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onds to minutes. The duration also
seems to have been longer in previous
studies, ranging up to almost two
hours.^ We have no explanation, at
present, for these temporal differences.
Another effect previously seen was the
appearance of harmonics of the predominant 2 or 3 Hz signal.^' - These
were not recorded in the present experiments.
Several other peculiarities regarding
the discharge were noted in the present studies. It was found for Candie
(vigilance experiment) that the occurrence of the discharge was dependent
upon the polarity of the stimulation.
Another finding was that a discharge
could be obtained by stimulating between a surface and depth electrode,
often when it was impossible to obtain
one by stimulating between two depth
electrodes. The discharge for Tommie
was usually about 3 Hz and may have
been related to the EKG. For Candie,
however, a slower frequency was usually seen, about 1.5 or 2 Hz.
The discharge and behavior: Several
measures of performance on two operant conditioning schedules were
found to be independent of the seizure,
although the electrical stimulation produced occasional disruptions (see discussion below). With the fixed-ratio
discrimination schedule, the measures
were percentage of incorrect discriminations and rate of obtaining reinforcement. Neither of these measures,
nor the general pattern of responding,
were affected. The same result was
obtained with the chain-vigilance
schedule used with monkeys Tommie
and Candie. Additionally, Tommie was
studied with and without stimulus
lights for the sequence. The measures
examined were errors in the order of

tage level increased until, at some
point, the animal stopped responding
entirely. In all four experiments, this
point, at about 3.5 volts, was reached
before a discharge occurred. Figure 4
is a graph of these pauses for one
stimulation experiment.
Although there were many variations in the impedance recordings for
this procedure, there seemed to be a
definite trend toward increasing capacitance and resistance over the course
of stimulations.
Discussion
The overall goal of this research is
to understand the nature of a seizure
discharge brought about by electrical
brain stimulation. The present experiments were designed, primarily, to
determine the behavioral effects, if any,
of the discharge. Other results also
merit discussion and these will be
mentioned below.
The seizure discharge: Before discussing the behavioral findings, we
shall briefly describe the discharges
obtained and compare these with those
previously reported. For most of the
studies reported here, a 10 sec, 400
Hz square wave of 80% duty cycle
with an amplitude of from 5 to 20
volts was used for stimulation. In
previous s t u d i e s , s i m f l a r values
were used and were successful in
producing the discharge. The discharges produced in the present experiments occurred within a few seconds after stimulation, ranged from
1.5 to 3.5 Hz, and were usually of
medium amplitude, diminishing over
the course of several minutes. This is
as described before, except that in
previous studies the discharge usually
occurred after a delay of several sec172
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response and faflure to initiate the
sequence (vigilance errors).
This failure to find discharge effects
is consistent with results obtained previously. As described above, there were
no changes in the monkeys' performance on a discrimination ("oddity"
problem) and on any of several variations of a DRL schedule. To summarize, we can say that no relationship
was found between the seizure discharge and very sensitive measures of
discrimination, timing, counting, attention, and responding in sequence.
Observations by other researchers"12.13 (^jti^ fjjg exception of a selfstimulation experiment^) have been in
agreement with this finding.
It was found that behavioral disruptions occurred after stimulations to an
extent which was independent of discharge occurrence. Other factors
seemed to have played a more important role in the extent of disruption due
to stimulation. One likely factor is the
amount of training on a schedule. The
monkey Tommie, for example, received a great deal of training on the
vigflance schedule, and stimulation disrupted his behavior less. The responding of Candie, who received less training than Tommie, was found to be
disrupted more easily.
Interesting results regarding disruption were also obtained under the selfstimulation procedure. The early part
of a fixed-ratio was more easily disrupted by stimulation than later parts.
This is consistent with other researchers who have found that "motivation"
increases as a subject nears the end of
a ratio. Habituation and dishabituation
effects also seemed to occur. When the
voltage was increased, there often was
a long pause which would decrease
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rapidly with successive stimulations.
These results suggest that at lower
voltages the stimulation served more
as a "novel" stimulus, and at higher
voltages when the animal stopped responding, as a "punishuig" stimulus.
The nature of the discharge: Our
work in this area has emphasized the
study of behavioral correlations and
extraceflular events whfle other researchers have investigated biochemical aspects and intraceflular events.
Fertziger and Ranck," for example,
have evidence that there is an increase
in the concentration of potassium in
the interstitial spaces of brain tissue
during seizure discharges and have suggested that this potassium accumulation is of causal significance in the
initiation of the discharges. In studies
of Metrazol-induced seizures, most
neurons had a sustained, large depolarization of many seconds during the
seizures (see, for example, a study by
Sawa, Nakamura, and Naito"). Ayala,
Matsumoto and Gumniti" found a similar group of neurons, and another
group which were hyperpolarized during seizures. The various findings just
described (and others listed below)
have suggested valuable theories, but
have not provided conclusive evidence
as to the nature of seizure discharges.
We can summarize our own work^ *
over the last ten years as follows:
1. The occurrence of the discharge
did not produce any decrements in the
behaviors studied. Considering the
wide variety of behaviors, we may at
least tentatively assume that the discharge has no behavioral effects.
2. The discharge has often been
exacdy correlated with the monkey's
EKG." Just as often, however, the
frequency of the discharge has been
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variable or altogether different from
the heart rate. Harmonics of the basic
discharge frequency appeared in earlier experiments.^
3. The discharge can be recorded
in electrodes 2 mm from the stimulated
electrode and, on rare occasions, from
distant electrodes.^
4. An almost direct current signal
(80% duty cycle) is required to produce the discharge. In one case, polarity of the stimulating current seemed
to influence the discharge.
5. The post stimulus discharge can
be obtained in physiological solutions
by mechanical stimulation.
Also,
Yamamoto and Kawai^" could produce
discharges in isolated thin sections of
the hippocampus (after exposure to a
chloride-free medium).
6. No brain lesions were noticed in
the area immediately surrounding the
stimulated electrode.-^
7. The results for brain impedance
have not been consistent. In most experiments, we have recorded decreases
in impedance (resistive component)
after stimulation. Others-"have usually found increases, and the reason
for this difference is not known.
Two major categories of explanation
for these results are possible: neurophysiological and a physico-chemical,
brain-electrode interface phenomena.

Some evidence favors the former: the
variabflity in frequency of discharge,
recording of the discharge in distant
electrodes, and the lack of brain lesions. However, the majority of the
evidence favors the latter explanation.
Particularly convincing is the fact that
a similar discharge can be generated in
physiological solutions and not just in
the intact brain, and the lack of behavioral effects. The electrical current
may sensitize the stimulated electrode
to mechanical stimulation. Evidence
for this is provided by the occasional
exact correlation of the discharge with
the heart rate. Variations from this rate
may be due to other influences on the
motion of the brain (breathing, body
movement, etc.). The fact that discharges are occasionally recorded in
distant non-stimulated electrodes and
other evidence suggests that the observed "discharge" may represent the
combination of two or more processes.
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